Almost half of recent pediatric trials failed to achieve labeling indications, in large part because of inadequate study design. Therefore, innovative study methods are crucial to optimizing trial design while also reducing the potential harms inherent with drug investigation. Several methods exist to optimize the amount of pharmacokinetic data collected from the smallest possible volume and with the fewest number of procedures, including the use of opportunistic and sparse sampling, alternative and noninvasive matrices, and microvolume assays. In addition, large research networks using master protocols promote collaboration, reduce regulatory burden, and increase trial efficiency for both early-and late-phase trials. Large pragmatic trials that leverage electronic health records can capitalize on central management strategies to reduce costs, enroll patients with rare diseases on a large scale, and augment study generalizability. Further, trial efficiency and safety can be optimized through Bayesian adaptive techniques that permit planned protocol changes based on analyses of prior and accumulated data. In addition to these trial design features, advances in modeling and simulation have paved the way for systems-based and physiologically based models that individualize pediatric dosing recommendations and support drug approval. Last, given the low prevalence of many pediatric diseases, collecting deidentified genetic and clinical data on a large scale is a potentially transformative way to augment clinical pharmacology research in children.
Advances in trial design over the past decade have increased available therapies for many childhood diseases. In addition to these advances pediatric clinical trials are incentivized through legislative requirements enacted by the US Food and Drug Administration (FDA), European Medicines Agency (EMA), and regulatory bodies in Asia. [1] [2] [3] In the United States, for example, the Pediatric Research Equity Act permits the FDA to require that pediatric studies be conducted for drugs that are likely to be used in children or from which children are likely to receive significant benefit, whereas the Best Pharmaceuticals for Children Act offers extended patent protection, exclusivity, and governmental authority to request studies of off-patent drugs. 4 Despite advances, 42% of recent pediatric trials failed in achieving labeling indications, highlighting the unique difficulty of establishing drug efficacy and safety in children. 5, 6 Because up to 15 years of basic research, clinical trials, and regulatory approvals are necessary to market a potential drug, a failed trial is enormously costly and negatively impacts pediatric care. 7 Common reasons for trial failure in children include poor dose selection, different disease mechanisms in children compared with adults, high placebo response, and inadequate study design. 5 In addition, it is challenging to identify useful biomarkers of drug response in a small and heterogeneous pediatric population with low disease prevalence. 8 Further, pediatric trial design must account for ontogeny in drug disposition resulting from changes in body composition and physiologic maturation in drug biotransformation processes. 9 Collectively, these challenges have resulted in a significant lack of pharmacokinetic/pharmacodynamic (PK/PD) data, which further contributes to failure in pediatric drug trials. 10 Thus, despite progress made in pediatric research, new and innovative study designs are imperative to address current clinical pharmacology gaps and to ensure future therapeutics are safe and effective for children. Table 1 summarizes current approaches for optimizing early and late phase studies. 
Clinical Trial Optimization
Because clinical trials are a significant investment in time and resources, both for participants and for the medical community, trials must be adequately designed and powered to generate data that will improve clinical care. New trial innovations aim to optimize trial efficiency and time to drug approval while also reducing the costs and potential harms inherent with drug investigation. However, because early-phase and late-phase studies differ in their scope and challenges, different strategies are needed at each stage of the trial execution.
Early-Phase Trials
Early-phase clinical trials are imperative to understanding drug disposition and guiding safe dosing in children. However, it is difficult to execute pediatric early-phase trials due to low enrollment, lack of biomarkers and suitable PD end points, and ethical limitations. 11 For example, phase I studies often involve more than minimal risk, making it difficult to study many pediatric therapeutics. 11 As a result, innovative trial designs need to optimize data collection and reduce risk to participants while they also achieve sufficient enrollment. Several methods exist to overcome these limitations, including the use of sparse sampling, dried matrix spot sampling, and microvolume assays, which are supported by the FDA as methods to reduce the frequency and volume of blood sampling. 12 In addition, large research networks that capitalize on master protocols have revolutionized the ability to enroll and execute pediatric clinical pharmacology studies on a large scale. Collectively, these and other advances optimize early-phase trials in children by capturing PK data with minimal or negligible risks to participants.
Opportunistic Designs and Sparse/Scavenged Sampling Opportunistic designs capitalize on having only 1 study procedure-the collection of a biologic specimen during the time of standard-of-care drug administration, thereby eliminating investigational drug exposure. 13 By also timing specimen collection during routine procedures (eg, lab draws), the opportunistic approach reduces extra or unnecessary procedures, resulting in higher patient acceptance and enrollment. 13 Although the resulting sparse data collection minimizes the total amount of blood collected, disadvantages include the need for a larger overall sample size and population PK/PD modeling for analysis. 13 Broadly, this approach has been used successfully in the observational, multicenter, multinational POPS (Pharmacokinetics of Understudied Drugs Administered to Children per Standard of Care) trial.
14 Started in 2011, the ongoing POPS trial is enrolling a total of 3000 children to evaluate the PK of >30 understudied drugs, including trimethoprim sulfamethoxazole, 15 clindamycin, 16 ampicillin, 17 and others. Similar European initiatives are also capitalizing on opportunistic study designs to characterize the PK of understudied drugs (eg, ciprofloxacin). 18 Additional opportunistic approaches include the use of scavenged sampling in which samples are collected from unused or excess specimens that were obtained for clinical purposes. 13 As with sparse sampling, scavenged samples may increase study enrollment and minimize participant harm by reducing the number of procedures and blood volume required. 13, 19 Limitations of this approach include the potential for poor sample and data quality depending on specimen age, storage condition, and recording of collection time; however, these limitations can usually be overcome with careful planning or by enriching the data with traditional PK collection. 13, 19 Further, enriching PK models with scavenged sampling may actually augment precision by capturing samples during the drug distribution phase. 20 For example, an opportunistic population PK study of teicoplanin in children with malignancy supplemented 123 samples collected from therapeutic drug monitoring (TDM) with 20 scavenged samples. 20 A 2-compartment model was developed with allometrically scaled weight and creatinine clearance as significant covariates. Individualized dosing derived from this model significantly improved target concentration attainment from 58% to 68%. 20 Other recent studies also highlight the role of opportunistic methods to obtain PK data in infants. For example, opportunistic PK studies were promptly employed during an H1N1 outbreak and were instrumental for studying oseltamivir in term and preterm infants. 21, 22 Scavenged samples have also been used to characterize the PK of several antimicrobials in term and preterm infants, including piperacillin, 23 metronidazole, 24 and fluconazole. 25 More broadly, sparse sampling with population PK/PD modeling has been used to characterize the PK of several other antimicrobials. [26] [27] [28] [29] [30] [31] [32] An opportunistic design was also used to guide real-time PK and dosing optimization for zidovudine in preterm infants exposed to HIV; this trial resulted in direct benefit to patients and families where dosing had not been established, underscoring how opportunistic studies can change clinical practice.
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Microdosing Microdosing studies capitalize on administering a single subtherapeutic dose, defined as 1/100 of the dose necessary for pharmacologic effect (maximum ࣘ100 μg for synthetic drugs and ࣘ30 nmol for proteins), for the purpose of evaluating exploratory PK. 34 Key advantages of microdoses include a very high margin of safety and an ability to leverage animal safety data to initiate the study, no FDA regulatory requirements for a dedicated pharmacologic safety study, and low sample volume requirements (20-250 μL) . 13, 34 Potential limitations, however, include difficulty correlating PK between microdoses and therapeutic doses because of saturable drug transporters and drug-metabolizing enzymes, and (if radiolabeled drugs are chosen) limited pediatric safety data. 13 Despite concerns with radiation, however, the estimated radioactive exposure from a theoretical microdose of a 14 C drug with a half-life of 40 days is 0.33-0.8 μSV, which is significantly less than a chest x-ray (12 μSV). 35 Two European initiatives studied the use of 14 C-paracetamol (acetaminophen) and 14 C-midazolam microdose probes in neonates/children, and the preliminary data show good study feasibility and acceptable PK linearity between microdoses and therapeutic doses. 35 A 14 C-paracetamol microdose in children was also used to show age-related developmental changes in paracetamol metabolism (ie, a decrease in sulfation and increase in glucuronidation in the first 6 years of life). 36 Although microdose studies in children are still rare, the high margin of safety and limited studies to date suggest that it is a promising and underutilized method to evaluate drug PK and ontogeny.
Bioanalytical Optimization
Classical PK sampling volumes require 1-2 mL per sample, which can be challenging to obtain in premature infants or critically ill children who already have limited blood volumes. 13 Ultralow-volume assays are capable of determining drug concentration in substantially smaller volumes (ß100 μL per sample), with some assays capable of quantifying drug concentration in as little as 20 μL. 13 Multiplex assays that evaluate the concentration of multiple drugs from the same sample are often used in combination with ultralowvolume technologies to further optimize the amount of PK data that can be collected from the smallest possible volume. 13 In addition, the efficiency of trials in which multiple drugs are administered is greatly increased because multiple assay validations are not necessary. 19 Multiplex assays with ultralow volumes have been used to characterize the PK of multiple drugs, including acetaminophen, caffeine, phenytoin, and several antimicrobials, among others. [37] [38] [39] [40] Dried matrices, including dried blood spots (DBS), dried plasma spots (DPS), or dried urine spots (DUS), are biological samples collected on filter paper using low volumes (5-30 μL). 13 Although DBS have been used for years as part of routine newborn screening, dried matrices have more recently been used to measure drug concentrations because of their advantages of low required volumes and possibly simplified storage (room temperature) and shipping methods. 13, 41 As with other bioanalytical optimization approaches, dried matrices are an attractive option for reducing blood volume requirements, particularly for neonates. Dried matrices have significant potential, but there are several important limitations, including the need to account for partitioning into red blood cells with DBS (often correcting with hematocrit), concerns with sample degradation and extraction after long-term storage, and heterogeneity in sample collection and extraction from the paper. 13 Because of these limitations, an FDA draft guidance document suggests that correlative studies with traditional sampling be conducted. 42 One such correlative study was recently used to develop an accurate and precise method for measuring trimethoprim (TMP) and sulfamethoxazole (SMX) in DPS and DUS samples. 15 Opportunistic whole blood and dried matrices were collected from participants in the POPS trial, resulting in 47 paired liquid plasma spot and DPS samples from 34 subjects, and 21 paired liquid urine spot and DUS samples from 16 subjects. The results from the study showed good correlation between DPS/DUS and liquid urine spot/DUS for TMP; however, correlation was not as strong for SMX due to variability between the matrices at higher concentrations. 15 The study also highlights the challenge of sample extraction, as analysis of the punches from the centers and edges of the S61 filter papers confirmed that TMP-SMX concentrations were not homogeneously distributed. 15 To overcome this limitation, larger (6-mm instead of 3-mm) punches were used to sample the majority of the spot.
Microneedle sampling is another novel approach to collecting PK samples while reducing sample volume requirements and procedural discomfort. Microneedles (typically 50-900 μm), superficially penetrate the skin to sample interstitial fluid (IF) or blood while they avoid deeper (painful) structures such as nerves. 43, 44 For example, a microneedle system was used to sample IF glucose in adult participants; this study showed a strong correlation between IF glucose area under the curve and plasma glucose area under the curve and could potentially be used to monitor postprandial glucose in diabetes mellitus. 45 In addition, the vast majority of respondents in the study did not report pain during microneedle sampling. 45 Although microneedle sampling may be preferred by children 46 and parents, 44 there is a paucity of published studies using this technique for PK or TDM in children. Thus, additional studies in children are needed to directly measure drug concentrations using microneedle assays and correlate these measurements to traditional PK sampling methods.
Research Networks
By combining efforts and expertise from multiple disciplines, research networks have facilitated significant advances in pediatric trial design and therapeutics. 19 Between 1994 and 2010 the National Institute of Child Health and Human Development developed the Pediatric Pharmacology Research Units (PPRU) to promote clinical trials and drug labeling in children and to advance pediatric and developmental clinical pharmacology. 47 By combining efforts from 13 sites, the network achieved label changes for 20 drugs and contributed to >250 publications in areas such as pharmacometrics, ontogeny, and pharmacogenetics. 48 In addition, the PPRU created a clinical data repository using a common data form and dictionary that allowed data sharing. 47 Similarly, the Pediatric Trials Network began in 2010 to fill knowledge gaps in pediatric therapeutics by conducting 30 high-quality, phase 1-4 studies involving >5000 children. 19, 49 The Pediatric Trials Network is capitalizing on several innovative strategies, including opportunistic studies, to examine the PK of drugs prioritized by the Best Pharmaceuticals for Children Act administered to children per standard of care. 19 Other major national and international research networks include Global Research in Paediatrics, the International Neonatal Consortium, the Pediatric Trials Consortium, the Pediatric Trials Network Australia, and the Medicines for Children Research Network. In addition, several new trial networks are being implemented to further advance pediatric studies, including the Canadian KidsCAN trial network, and through the Innovative Medicines Initiative, a panEuropean pediatric trials network. 50 Similarly, the FDA has recently accepted applications for a cooperative agreement (U18) to develop a global pediatric trials network. 51 Other initiatives to improve trial methodology and increase operational efficiency include the Clinical and Translational Science Award Trial Innovation Network. Through trial and recruitment innovation centers, this network will harmonize central institutional review boards, protocol systems, master contracts, and recruitment strategies. 52, 53 Collectively, the advances made by these large research networks underscore the need to continue building and supporting collaborative efforts as a means to advance drug studies in children.
Master Protocols
The goal of a master protocol is to accelerate drug discovery by evaluating several different agents (platform approach) or diseases (basket approach) in parallel "substudies" using a common design to increase operational efficiency and reduce both regulatory time (eg, using 1 investigational new drug application) and costs. 54, 55 Master protocols can be used for earlyphase discovery studies, where patients are screened for multiple biomarkers with a standardized assay at study entry to guide placement into a substudy or late-phase confirmatory studies. 54 By use of a common screening platform, a participant can be screened once to determine eligibility for multiple studies, thereby reducing redundant data collection and shortening enrollment time. 56 Further, participants have more opportunities to be eligible to participate in a trial, increasing access to therapies that may offer direct participant benefit. 56 Enrollment in early-phase discovery studies can also be maximized by permitting a "nonmatched" subgroup for participants who do not have any biomarkers of interest. 54 By use of a centralized infrastructure to streamline logistics (eg, central institutional review board, data-monitoring committee, and electronic data-capturing system), start-up time can be significantly reduced. 56 An example of an early-phase discovery study in adults is NCI-MATCH (National Cancer Institute-Molecular Analysis for Therapy Choice), in which patients with solid tumors, lymphomas, or myelomas are enrolled into 1 of 19 treatment arms based on genomic testing of their tumors (eg, epidermal growth factor receptor mutation).
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NCI-MATCH is an example of the basket approach that enrolls several malignancies that may respond to a common treatment approach. 55 Although master protocols are more common in adult trials, several examples of pediatric master protocols exist, including the previously mentioned POPS trial. In addition, the proposed iMATRIX master protocol proposes a platform for phase 1-2 studies for oncology drugs in pediatrics whereby the trial is gated (eg, early evaluation of PK and potential biomarkers) to identify which agents warrant further development. 58, 59 Although limited pediatric experience suggests that master protocols are a significant advancement in trial design, some concerns remain. In addition to development of a complex study design that may require standardizing end points across substudies, it may be difficult to convince industry sponsors to collaborate if there is perceived competition between sponsors or drug therapies. 54 Several landmark trials using master protocols in adult oncology have also capitalized on combining a master protocol in the context of other innovative designs. For example, the I-SPY 2 (Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging and Molecular Analysis) trial included an adaptive randomization to assign patients to the best treatment group while also using Bayesian methodologies to determine if inferior treatments should be discontinued. 56 These innovations, discussed in greater detail in later sections, may optimize enrollment by offering a more favorable benefit-risk ratio for participants.
Other Design Strategies
Many children and their families do not enroll in early-phase clinical trials due to fear of discontinuing background therapy and subsequent disease progression. One method to alleviate this concern is to add an early-phase study drug while continuing existing or background therapy. To further minimize burden on participants, it is important that a multiple-dose vs single-dose study be chosen judiciously (depending on half-life) to minimize overall study time. Finally, limiting inclusion and exclusion criteria is an important measure in early-phase studies to ensure (1) optimal enrollment and (2) the necessary heterogeneity to discover important covariates that may influence drug dosing.
Late-Phase Studies
Adult Efficacy Extrapolation. Most drugs are first studied and approved in adults; therefore, appropriately using data derived from adult studies may help to guide the design of a pediatric trial. 12, 60 Extrapolation applies available information from a source population (eg, adults) to the target population (eg, children) with the goal of reducing the overall amount of clinical trial data needed in the target population. 61 Extrapolation can significantly reduce the time and cost for a pediatric drug-development program, especially if a dedicated pediatric efficacy trial is unnecessary. In recognition of this, extrapolation is becoming more common in drug development; for example, a review of pediatric studies submitted to the FDA between 1998 and 2008 found that partial extrapolation of adult data was used to support pediatric drug development in 113 (68%) of 166 products, whereas 24 (14%) had full extrapolation. 62 The FDA has proposed an algorithm to guide the extrapolation of adult data to the design of pediatric trials, highlighting 3 general approaches: a PKonly approach (full extrapolation), a PK/PD approach (partial extrapolation), and a PK-efficacy approach (no extrapolation). 12 However, to appropriately apply this algorithm, it is critical to understand pediatric disease progression, expected response to intervention, and the exposure-response relationship. 12 Therefore, pediatric research efforts to develop disease-progression and exposure-response models may allow for optimal extrapolation. 60 The EMA has published similar guidance, emphasizing that the extent of pediatric extrapolation exists on a spectrum, with varying degrees of data requirements depending on the predicted similarity (and residual uncertainty) between the source and target populations. 63 
Pragmatic Trials and Leveraging Electronic Health Records.
Whereas traditional clinical trials enroll a narrow group of participants and operate under ideal conditions, large pragmatic trials aim to demonstrate the realworld effectiveness of an intervention in the broader population. 64 To optimize trial generalizability and enrollment, inclusion and exclusion criteria are minimized, and the number of study visits and procedures are reduced. 64 Further, pragmatic trials can reduce or possibly eliminate the need for individual sites by using a management strategy in which enrollment, randomization, and data collection all occur centrally. 60, 65, 66 Central management is especially advantageous for smaller pediatric research sites where limited funding combined with fewer investigators and coordinators often precludes trial participation. Pediatric pragmatic trials have several other potential advantages, including the ability to enroll large sample sizes (including rare diseases), resulting in better representation of multiple age groups. In addition, the reduced emphasis on study visits may reduce time, cost, and travel burden to families. 60 Last, many pragmatic trials have successfully collected outcome data entirely from available medical records thereby eliminating the need for dedicated datacollection visits and further reducing encumbrances on investigators and families. 64 Ideally, the use of electronic health records (EHRs) for outcome data should focus on meaningful outcomes that are well defined, unambiguous, and easily verified (eg, mortality, hospitalization). 64 Although pragmatic trials offer several enrollment advantages, the "real-world" settings of most pragmatic designs (eg, high nonadherence, heterogeneous population, often open label) can result S63 in reduced internal validity when compared with traditional clinical trials. 64 Although pragmatic drug trials in children are generally lacking, recent interventional pragmatic trials provide some insight into trial execution. The Breathe Well study was a pragmatic interventional study designed to evaluate adherence in pediatric asthma by comparing usual care to speech recognition calls using personalized EHR information (eg, child's name and sex, physician name, medication name) when inhaled corticosteroid refills were due. 67, 68 The intervention resulted in a 25% increase in adherence (9% absolute difference); however, there was no observed difference in sick visits or β-agonist use. 67 The study capitalized on Kaiser Permanente databases to identify participants (enrolling >1100 children) and collect outcome measures, highlighting that EHR databases can facilitate the execution of large-scale pragmatic trials. However, participants were required to have Kaiser Permanente insurance, a working telephone, and to have filled at least 1 prescription in the 6 months before enrollment, potentially excluding those with very low adherence, low income, and at risk for poor outcomes. 67, 68 Broad inclusion criteria are therefore essential to optimize generalizability when designing pediatric pragmatic trials.
Master Protocols. As with early-phase studies, master protocols are an attractive method to optimize latephase studies by reducing regulatory burden, reducing cost, and increasing trial efficiency. For example, the Lung-MAP (Lung Cancer Master Protocol) phase 2-3 trial uses a common genomic marker screening platform to compare 3 experimental agents and a nonmatched immunotherapy group against standardof-care treatment for squamous cell lung cancer. 69 Screening failure is reduced by (1) using next-generation sequencing to identify multiple eligible biomarkers and (2) including the nonmatched group. 69 The master protocol infrastructure (eg, single investigational new drug application) facilitates the addition of new investigational substudies over time 69 and may allow accelerated drug approval by streamlining progression from phase 2 to phase 3. Master protocols can also use a shared control group to reduce overall costs and required sample sizes. 55, 56 As discussed earlier, the increased efficiency provided by master protocols may offer a new paradigm for executing pediatric studies.
End Points and PK/PD Confirmation. Choosing the appropriate end point for a pediatric drug trial is challenging due to differences between adults and children in disease pathophysiology that limit the use of common end points. 5, 10 In addition, developmental changes may impact PD response through alterations in drug receptor affinity, density, and other changes. 70 Further, many biomarkers and surrogate end points lack validation in children. As a result, several pediatric trials have failed as a result of poor end-point selection.
For example, an analysis of pediatric antihypertensive drug trials showed that a reduction in diastolic blood pressure correlated better with dose compared with systolic blood pressure; further, all pediatric trials that used systolic blood pressure as the primary end point failed. 10 This was likely due to diastolic blood pressure having less patient variability. 10 Thus, it is important for future drug trials in children to ensure that end points are based on direct and clinically relevant outcome measures that are specific for pediatric disease pathophysiology.
For drugs that have multiple therapeutic effects, using a composite end point is 1 method to increase the likelihood of trial success and augment clinical applicability. As an example, drugs used to treat juvenile arthritis may concomitantly reduce joint pain and joint swelling, improve range of motion, and improve functional status. Designing a drug trial targeting only 1 of these measures would miss several important responses, potentially leading to trial failure. Further, using a composite end point increases the overall event rate and reduces the required sample size. 71 To capitalize on this approach, many successful trials in pediatric rheumatology have used a composite measure that incorporated patient and physician global assessments of disease activity, functional status, joint exams, and biomarkers of inflammation (eg, the erythrocyte sedimentation rate). 60 However, results from trials using a composite end point can be difficult to interpret if the treatment affects 1 measure more than others. 71 In addition to end-point selection, another common reason for pediatric trial failure is poor dose selection. Out of 44 pediatric trials between 2007 and 2014, 10 trials failed as a result of (1) not testing a range of pediatric doses, and/or (2) inappropriately extrapolating adult drug exposure. 5 Therefore, in addition to having sufficient early-phase PK/PD modeling data to guide initial dose selection, late-phase trials should also routinely analyze PK/PD. Doing so can confirm the exposure-response relationships in the target population, and in the case of adaptive trial designs (discussed later), dosing during the trial can be changed. Confirming exposure response is particularly important for drugs approved in adults for indications other than those being tested in children; in this case, different disease mechanisms may significantly alter the necessary pediatric dose. 5 Research Networks. As with early-phase studies, research networks are essential to overcoming the enrollment barriers that often hinder late-phase studies.
Particularly for rare diseases, research networks have successfully executed multinational trials that would otherwise not be feasible on a smaller scale. For example, the 3 major pediatric rheumatology research networks have collectively coordinated dozens of trials in >60 countries, 60 contributing to the approval of most available therapeutics for juvenile idiopathic arthritis. The success of these research networks is not just limited to a single specialty; within oncology, for example, 90% to 95% of children under age 15 with malignancy are seen at a Children's Oncology Groupassociated institution, and enrollment rates are as high as 50% to 90%, depending on age. 72 In addition to overcoming enrollment barriers, research networks can optimize the design of late-phase studies to become more patient-centric venues. For example, the PatientCentered Outcomes Research Institute invested $250 million in a network (PCORnet) designed to engage patients and families to help execute practical, patientrelevant trials. 73 PCORnet leverages 13 clinical data research networks and 20 patient-powered research networks to promote several study designs, including pragmatic interventional, observational, and health system studies. 73, 74 These studies capitalize on several innovations through PCORnet, including centralized institutional review boards, electronic consent, and standardized data capture through the Common Data Model. 74 The Patient-Centered Outcomes Research Institute has successfully engaged several pediatric partner networks and highlights the importance of including children and their families as stakeholders to optimize pediatric clinical pharmacology studies.
Modeling and Simulation

Clinical Trial Simulations
Clinical trial simulations (CTS) combine disease modeling with PK/PD modeling to simulate trial design features such as the effects of disease progression, placebo response, and dropout; in doing so, CTS increases trial success, operational efficiency, and precision. 7 In addition, CTS can optimize early-phase studies by confirming optimal sparse sampling strategies, estimating dose-response relationships, and guiding dose selection for late-phase trials. 7 In recognition of this, regulatory authorities use CTS as part of the end of phase 2a discussions. 75 In some cases CTS can leverage existing data sets to make dosing recommendations without the need for an additional trial. For example, a CTS of etanercept in juvenile idiopathic arthritis was used to support FDA approval for a once-weekly dose. 7, 76 To develop the population PK model, 353 PK samples were obtained using a sparse sampling strategy from 69 patients who participated in a multicenter clinical trial of etanercept 0.4 mg subcutaneously twice per week for juvenile idiopathic arthritis. 76 Using the final 1-compartment model, Monte Carlo trial simulations of 200 virtual patients were then conducted to compare the PK profile of the trial dose vs the proposed onceweekly dosing using a parallel, double-blind, 12-week design. The study showed overlapping steady-state concentrations between the 2 doses. 76 The results from the etanercept trial simulation were later confirmed in a prospective clinical trial. 77 CTS has also been used to leverage dosing recommendations in children for sotalol 78 and gatifloxacin, 79 among others.
Physiologically Based Pharmacokinetic Modeling
Physiologically based pharmacokinetic (PBPK) modeling is a technique that mathematically incorporates organ-specific physiologic compartments to describe drug PK, response to therapy, and safety. 61 It is well accepted by regulatory authorities for pediatric drug development, and it has been used to optimize study design and dosing, evaluate the effects of organ dysfunction, and predict enzyme and transporter ontogeny. 12, 61 Over the past decade pediatric PBPK models have been published for >30 drugs 61 and are also complementary to other drug-modeling techniques. For example, a population PK model supplemented with a PBPK model was used to support the regulatory approval of valganciclovir in infants <4 months of age. 80 With this complementary approach, an existing PBPK model was extended to neonates and used to confirm physiologic similarity between young infants and older children with parameters important for valganciclovir (eg, esterase activity, renal clearance, active transporters); population PK modeling was then used to simulate drug exposure with the proposed dosing algorithm. 80 Because the original population PK data set had insufficient representation of neonates, PBPK modeling successfully bridged this knowledge gap using known physiologic differences. 80 Other recent examples of PBPK models include methotrexate and 6-mercaptopurine, which, in combination with disease models, are being used to support clinical trial simulation for childhood leukemia. 81, 82 In addition, opportunistic PK data were recently used to develop a pediatric PBPK model of clindamycin by first creating an adult model from existing data and then scaling it to children. 83 This model was able to predict concentrations of clindamycin in target tissues (eg, bone, skin) and confirm appropriate dosing.
Collectively, these innovations demonstrate that PBPK modeling is a powerful tool that can play a significant role in optimizing pediatric dosing, supporting drug approval, and ensuring that clinically relevant drug concentrations are achieved at the appropriate site of action. Despite significant potential, however, PBPK modeling in pediatric submissions to the FDA is uncommon, comprising only 17% of records between 2008 and 2015. 84 This is likely due to uncertainty regarding the ontogeny of many pediatric PK processes, including drug-metabolizing enzymes and drug transporters. 84 Further, it is difficult to validate PBPK models in children due to the lack of available data and expertise. Nevertheless, as our understanding of developmental changes and drug disposition in children expands, PBPK modeling will likely play an increasingly prominent role in regulatory review.
Individualized/Precision Dosing and Population PK Pediatric dosing regimens that are simply extrapolated from adult dosing often assume a linear relationship between dose and size, which fails to account for differences in the exposure-response relationship as well as maturational differences in absorption, distribution, metabolism, and excretion processes and biotransformation pathways. 85 Because age is a poor indicator of biologic maturation, surrogates such as body surface area or allometric scaling are sometimes used to extend dosing from adults to children. 61, 85 Body surface area, while being convenient, does not correlate well with many physiologic processes and may overestimate dosing in infants and neonates. 61, 86 Conversely, allometric scaling is attractive because it more prescisely relates body size with parameters of interest (eg, clearance). 87 For example, a study of 14 drugs found that variable allometric scaling of adult clearance values produced good estimates of clearance in children >5 years of age. 88 However, allometric scaling was unreliable for younger children (<5 years of age) and required coefficient adjustments (Boxenbaum coefficient method), highlighting the need for additional considerations when applying allometric scaling to young children and neonates. As a result of the limitations of using body size extrapolations to predict dosing, there is a significant need to individualize dosing, particularly for special populations where PK is expected to change most (eg, prematurity, critical illness, obesity) and for those drugs with high PK variability and narrow therapeutic index. 61 Several approaches to individualizing dosing for children exist, including concentration-guided trials, population PK modeling, and Bayesian forecasting.
Traditional clinical trials operate under the paradigm of evaluating a therapy in a population at a restricted dose(s); this approach is especially limited in children where there is variability in drug exposure due to physiologic changes. PK-guided trials, in which real-time PK modeling is used to individualize a dose, provide a promising new trial methodology that accounts for variability in dose response. 61 Real-time PK sampling may be feasibly executed using sparse sampling combined with the previously discussed technological advancements, such as dried matrices and multiplex assays with ultralow-volume collection. 61 As an example of a concentration-guided trial, adjunctive everolimus was first evaluated in a phase 1-2 trial of refractory seizures related to tuberous sclerosis in 20 patients 2-21 years of age. 89 The trial was divided into a 4-week baseline observational period in which everolimus was started at 5 mg/(m 2 ·d), followed by a 4-week titration period where the dose was adjusted based on trough concentration (goal 5-15 ng/mL), and then folleowed by a maintenance phase. The study showed an improvement in seizure control and subsequently led to a phase 3 trial designed to evaluate 2 everolimus trough concentration ranges. In the phase 3 trial, the efficacy of everolimus was confirmed in 366 participants with a response rate of 15% for placebo, 28% with the low-exposure group (3-7 ng/mL), and 40% for the high-exposure group (9-15 ng/mL) (P < .0001). 90 The phase 3 trial included patients aged 2-65 years, highlighting that concentration-guided trials can inform dosing across multiple age spectra. Assuming a shared and validated outcome measure exists, it may be possible to design simpler trials that enroll both adults and children using concentration targets instead of a fixed-dose design. In addition, concentration-guided trials may be more efficient for a given sample size. 91 Population modeling can describe PK/PD at the population level and measure interindividual variability in exposure or response as well as the reasons (covariates) for this variability. 92 Provided the PK/PD model has been sufficiently validated by internal and external data, covariates can be used to individualize or adjust therapy. 92 However, traditional modeling approaches are both disease-and drug-specific, with limited ability to extrapolate to drugs of different classes. 92 As a result, there is growing interest in developing systemsbased pharmacology reference models that may permit extrapolation of a covariate from 1 drug to another that uses similar biologic pathways. 92 For example, a model of amikacin clearance in preterm and term neonates using birth weight and postnatal age as covariates of renal maturation successfully predicted clearance in models of other renally cleared medications (netilmicin, tobramycin, vancomycin, and gentamicin). 93 In this approach, system-specific information is derived from the pediatric covariate model, and drug-specific information is derived from the population model. 93 Using a systems-based pharmacology approach, it is possible to significantly reduce the time for model development, 93 thereby accelerating the capacity for PK/PD modeling and simulation to be used to develop dosing algorithms in children. There are several important considerations and potential limitations with extrapolating a reference covariate model to other drugs. For example, the covariate model should be based on large cohorts with sufficient patient heterogeneity and enough sampling, have extensive internal and external validation, and be extrapolated to models from similar clinical populations. 93 Last, population PK/PD modeling can also be used as a basis for Bayesian forecasting, whereby prior population PK/PD data can be updated with individual patient data to optimize dosing, particularly for drugs with complex disposition. 61, 94 For example, a population PK model was developed to characterize the PK of mycophenolic acid in children with systemic lupus, accounting for enterohepatic recirculation. 95 Because weight-based dosing of mycophenolate in systemic lupus does not accurately predict exposure to the active metabolite, future efforts may use the population PK model in conjunction with a Bayesian estimator to individualize mycophenolate dosing. 95 Further, commercially available software (eg, InsightRX; InsightRX Inc, San Francisco, California) has capitalized on using Bayesian estimation to support precision dosing. The platform leverages validated population PK models as population priors, which can then be updated using an individual patient's concentration (eg, TDM measurements) in real time. 96 Currently, the platform offers modules for 7 drugs, including vancomycin, busulfan, and tacrolimus. Broadly, Bayesian feedback "dashboard" systems that use data captured from electronic medical records to provide real-time feedback and dosing decisions to clinicians are reviewed elsewhere.
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Future Directions
Pharmacogenomics Genetic tests that directly influence the choice or dose of a medication are far more common than previously believed; for example, 1 study found that 91% of adult patients who underwent preemptive pharmacogenomics testing had a clinically actionable variant to at least 1 of 5 well-established drug-gene interactions (clopidogrel, simvastatin, warfarin, thiopurines, and tacrolimus). 98 Approximately 42% of individuals in the study had actual exposure to 1 of these medications, 98 underscoring that pharmacogenomics has a common and important role in promoting drug safety. Within pediatrics, a comprehensive program (PG4KDS) developed by St. Jude Children's Research Hospital (Memphis, Tennessee) combines preemptive pharmacogenetic testing with EHRs to guide prescribing, and it has been very well received by patients and families, with >95% enrollment. 99 Consistent with adult data, 78% of pediatric patients in the St. Jude's cohort had at least 1 actionable genotype in their EHR. 99 The early success of large-scale, preemptive testing underscores that, as our knowledge base expands with respect to druggene interactions, future pharmacogenomic testing might be routinely performed on all individuals. 100 Nevertheless, important pharmacogenetic differences may exist between adults and children. For example, variants for a drug transporter (SLCO1B1) were associated with decreased pravastatin concentrations in children, whereas these variants in adults are associated with increased pravastatin concentrations.
101,102 These differences underscore that potential changes in gene expression, physiology, and disease processes may alter pharmacogenetic relationships in children compared with adults. 101 Therefore, ontological studies in children are needed to characterize genetic changes throughout childhood and allow optimal use of existing adult data. 101 To facilitate the identification of gene-drug interactions in children and translation of these interactions to clinical practice, it will be necessary to collect genomic information from children on a large scale. 101 In addition to ethical considerations, the wide-scale collection of biospecimens presents several logistic challenges. Vanderbilt has developed a deidentified "DNA biobank" where any unused blood samples are retained for genetic research unless a patient "opts out" on the standard consent-to-treat form. 103 Deidentified genetic results are then linked with electronic records, resulting in a robust clinical research database. The highly successful program obtains 700-900 specimens per week, and although children were initially automated exclusions, 103 thousands of pediatric samples have since been obtained. Given the low prevalence of many pediatric diseases, collecting deidentified genetic and clinical data on an institution-wide scale is a potentially transformative way to augment clinical pharmacology research in children. However, important ethical concerns should first be resolved, including the handling of incidental variants, implications of genetic findings for family members, and misattributed paternity. 101 Adaptive Designs/Bayesian Trials Adaptive trials allow for change to trial execution (eg, dropping an inferior treatment group, adjusting dose, changing endpoints) after enrollment for the purpose of identifying the best treatment using the most efficient means. 60, 104 Although most adaptive designs are used for late-phase studies, early-phase adaptive dose-finding designs may be used to reassess the doseresponse relationship as trial data accumulate, allowing for dose changes after each subject and potentially reducing enrollment requirements. 104, 105 Adaptive trials are particularly attractive for pediatric studies by maximizing benefits and reducing the potential for harm or trial failure. For example, an interim analysis could precisely estimate power and ensure proper sample size attainment or reduce ethical concerns by altering randomization to favor a more effective S67 treatment arm. 60, 104 Limitations to adaptive designs include difficulty estimating treatment effect if variability in response occurs at different time points and propensity for type I and type II errors, particularly if interim analyses are unblinded. 104, 105 As a result, FDA guidance recommends that changes be prospectively planned, and analyses must be adequately blinded. 105 Bayesian statistics are complementary to most adaptive designs. At the time of analysis, traditional clinical trials investigate data derived only during the trial, ignoring potentially meaningful prior data. In contrast, Bayesian methodologies capitalize on both prior data (the prior distribution) and evidence accumulated continuously throughout a trial, thereby being naturally adaptive, efficient, and informative. 55, 106 Bayesian methodologies can be employed both at trial design (eg, to estimate power) or during the time of an interim analysis to augment decision making (eg, whether to stop a trial). 55 For example, a phase 2 Bayesian trial evaluated the use of mycophenolate mofetil for steroiddependent pediatric nephrotic syndrome. 107 After 23 children completed the study, Bayesian analyses were performed, and the accumulated data were used to determine that enrolling additional patients would not alter the study conclusion, thereby permitting the trial to be stopped without additional, unnecessary enrollment. 107 This study highlights how Bayesian analysis can be used to strengthen decision making during a trial. When one is designing a trial that includes Bayesian analysis, FDA guidance highlights that prior information should be derived from empirical studies or other trials instead of expert opinion. 106 Bioanalysis/Noninvasive Drug Concentration Measurements The failure to eliminate HIV in reservoir tissues is 1 of many examples that underscore the critical need to approximate drug concentrations within tissues to ensure adequate drug exposure. 108 However, obtaining tissue for direct drug quantification is challenging in pediatric patients, where it is important to minimize invasive procedures. To overcome this limitation, novel techniques aim to correlate noninvasive drug concentration measurements with tissue exposure. For example, cervicovaginal fluid (CVF) and rectal fluid (RF) were collected from healthy volunteers given 1 of 4 antiretroviral drugs; the study authors found that CVF and RF were related to plasma and tissue biopsy concentrations. 109 Correlating these and other noninvasive fluid measurements as surrogates for tissue concentration may allow investigators to qualitatively assess drug exposure during clinical trials, particularly for drugs where tissue penetration is paramount (eg, HIV, inflammatory bowel disease). 109 This may be accomplished through evolving technologies that combine Raman spectroscopy with microscopy to permit the simultaneous quantification and localization of drugs in tissues without sample destruction. 110 Raman technology has been successfully leveraged to study drug penetration in skin (eg, ibuprofen 111 ) and even map the intracellular disposition for 6-mercaptopurine and methimazole. 112 Although CVF and RF matrices are considered relatively noninvasive in adults, routine collection of these samples in children will likely be less acceptable. Therefore, it is important to consider other approaches to noninvasive drug measurements such as hair samples, exhaled breath, or saliva. For example, using infrared matrix-assisted laser desorption electrospray ionization mass spectrometry imaging to analyze hair samples, investigators successfully described long-term adherence with antiretroviral medications. 113 For drugs that are able to diffuse across alveolar capillary walls and the epithelium (eg, fentanyl, methadone, propofol, valproic acid), mass spectrometry has been used to measure drug concentration in exhaled breath. 13, 114 Exhaled breath measurements have traditionally been limited by the need for intubation, 13 making it unsuitable in children outside of critical care settings. However, newer technologies use specialized collection bags or glass bottles to collect exhaled breath and may allow for routine, noninvasive measurements of drugs and metabolites in children. 114, 115 Despite these advances, there are very few published PK studies in infants and children using exhaled breath. Last, PK studies using saliva are an attractive option due to high consent rates. 116 Stimulated saliva may be best-suited for measuring drugs that are lipophilic, nonionized, and with low protein binding, where distribution into saliva may be optimized. 13 Despite limitations in collection technique and contamination from oral administration, salivary PK studies in children showed overall good plasma correlation with several medications, including risperidone, 117 methylphenidate, 118 busulfan, 119 artemisinin, 120 and artesunate-amodiaquine. 121 Although noninvasive measurements of drug exposure are promising new methods to increase both the number of overall PK samples collected and study enrollment, it is important to first correlate these matrices with blood PK and standardize collection methods to avoid introducing variability (eg, saliva flow rate, mode of ventilation) or contamination (eg, compounds on collection bag or swab). 13, 114, 115 Because most exposureresponse relationships are established using systemic exposure, good correlation between noninvasive drug measurements and blood measurements is a requisite for appropriate extrapolation.
Orphan Drug Development
Regulatory advances such as the βFDA's internal Rare Disease Review Committee, expedited review programs, and financial incentives for drug sponsors through the Orphan Drug Act have resulted in a record number of approved orphan drugs. 122, 123 Other countries also have incentives to promote orphan drug development. 124 Despite this progress, developing orphan drugs still poses unique challenges due to very low sample sizes (often precluding traditional randomized placebocontrolled trials), lack of biomarkers and appropriate clinical end points, and poorly understood prevalence and outcome statistics. 123, 125 The challenges during orphan drug development may therefore result in high drug costs and limited access to these medications. 124 Promoting biomarker research for orphan diseases may overcome several of these challenges by (1) identifying clinically meaningful responses to replace long-term outcomes as efficacy end points (eg, hemoglobin and type I Gaucher disease) and (2) identifying surrogate end points to accelerate drug approval (eg, clearance of GB3 and Fabry disease). 126 These approaches were leveraged for the approval of 4 drugs for type I Gaucher disease (eg, purified human glucocerebrosidase) and agalsidase β for Fabry disease.
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Novel Approaches
Although significant progress has been made in pediatric clinical pharmacology research, complementary strategies are necessary to translate these advances to clinical practice. For example, future advances in modeling, EHR, and bioanalytical capabilities may allow for real-time, point-of-care TDM to guide precision dosing at the bedside. For example, there is a gap in current clinical care in the treatment of neonatal sepsis whereby delays in therapeutic antimicrobial exposure may worsen outcomes. Therefore, there is an urgent need for early, optimized dosing that can be implemented at the point of care. Using a microvolume PK sample or noninvasive drug concentration measurement (to minimize loss of blood volume), advanced bioanalytical technology could permit bedside measurement of drug concentration within a short time frame. For example, current devices that capitalize on paper spray ionization for mass spectrometry permit analyses in around 1 minute using low-cost cartridges and paper, suitable for point-of-care use. 127 By then capitalizing on validated population PK models and bedside TDM measurements, Bayesian estimating software such as InsightRX could then optimize antimicrobial dosing in real time and potentially improve outcomes. Further, accumulating patient data for a particular neonate (eg, renal function, weight, additional TDM measurements) could be incorporated in an EHR "dashboard" to continually update the Bayesian model to provide precise dosing throughout a changing hospital course.
Because many children and their families often travel great distances to see a pediatric specialist, frequent or lengthy study visits can impede recruitment. 60 Telemedicine offers a potential solution by more efficiently connecting families with practitioners and clinical researchers. For example, telemedicine consults in 1 health system resulted in an average reduction in distance traveled of 278 miles per consultation and an average time saving of 245 minutes. 128 Therefore, telemedicine may optimize clinical research by increasing patient engagement and study enrollment. Further, new telemedicine technologies permit the collection of clinical data (eg, physical exam or biospecimens) remotely through specially fitted cameras (eg, to the tip of a self-applied tongue depressor), digital stethoscopes, temperature probes, and other health care devices (eg, TytoCare). 129 This technology allows patients to play a central role in clinical research by directly collecting and submitting clinical data while also minimizing the burdens of study visits. Additionally, it may be more feasible to collect samples or data on an intense schedule from the convenience of the patient's home.
Changes in the maturation of drug-metabolizing enzymes, transporters, and target receptors continue to complicate research in clinical pharmacology and the care of children. 70 Because body weight does not correlate linearly with these physiologic changes, 9 surrogate measures of physiologic maturation are needed to optimize the study of drug disposition. This is particularly relevant for newer drug classes (eg, monoclonal antibodies), where nontraditional covariates such as metabolic rate may impact immunoglobulin half-life. 130 For example, resting energy expenditure was shown to have a positive association with infliximab clearance, potentially explaining why younger children (who have higher resting energy expenditure) have higher drug clearance. 130 If confirmed in additional studies using other drugs, resting energy expenditure may be a transformative method to characterize physiologic maturation and drug ontogeny.
Conclusion
Research over the past several decades has resulted in a significant growth in our understanding of pediatric developmental pharmacology. In the next 20 years, advances in precision medicine may further transform clinical pharmacology research. These advances will likely include precision-guided trials and individualized dosing through Bayesian adaptive trial designs, PK/PD modeling, and integrated pharmacogenetic testing. To make the promise of precision medicine a reality, S69 however, pediatric research will need to be viewed as a prioritized component of health care. Therefore, it is important to routinely engage children and their families as stakeholders and continue to advance bioanalytical, telemedicine, and electronic health technologies to optimize the amount of data collected with minimal to no risk for participants. Further, it will be necessary to develop better pediatric diseaseprogression and exposure-response models while accounting for developmental changes. Doing so will optimize efficacy extrapolation from adults and allow better use of CTS simulations to guide dosing and potentially reduce the need for dedicated pediatric efficacy trials. Through innovative study designs and the combined efforts of large research networks, patient and family stakeholders, clinicians, and pharmacologists, research can be optimized to leverage major advances in the care of children. 
